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Monacolin K (MK, lovastatin), a naturally occurring statin, only
exerts lipid-lowering effects in its active $-hydroxy acid form
(MKA). This activation was thought to be mediated by the gut
microbiota (GM). We report here for the first time that the GM
does not convert MK into MKA (a spontaneous pH-dependent con-
version) but catabolises MKA. The GM might hamper the lipid-low-
ering effects by degrading the active metabolite MKA.

Introduction

Monacolin K (MK) is a naturally occurring statin and widely
consumed in food complements as lipid-lowering products.
MK can be found in oyster mushrooms, red yeast rice, and Pu-
erh tea." In particular, the traditional Chinese red yeast rice is
a MK-rich food supplement produced by fermenting rice with
the red mould species Monascus purpureus.> The European
Food Safety Authority (EFSA) approved a health claim regard-
ing the consumption of red yeast rice as a food supplement
containing MK (10 mg) for maintaining normal blood LDL-
cholesterol concentrations.> MK is identical to the pharmaco-
logical drug lovastatin, and thus the EFSA has recently
raised safety concerns related to some side-effects
commonly associated with the consumption of statins.*
Therefore, although identical, the term MK is used in
the context of food supplements and lovastatin as a pharma-
ceutical drug.

MK is administered as an inactive lactone (prodrug) and its
lipid-lowering effects depend on its conversion into its
active f-hydroxy acid form (MKA) (Fig. 1). MKA is a well-known
competitive inhibitor of the 3-hydroxy-3-methylglutaryl co-
enzyme-A reductase, the rate-limiting enzyme in cholesterol
biosynthesis.> Liver cytochrome P450-dependent monooxygen-
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ases have been reported to be involved in the metabolism of
MK, but not in the conversion from MK into MKA.°
Although Tang et al.” described the in vivo hydrolysis of the
lactone ring by plasma and liver carboxylesterases, these
authors did not demonstrate this enzymatic process
unequivocally.

The role of the GM in the metabolism of orally adminis-
tered xenobiotics has gradually been gaining interest.*° In
general, the microbial metabolism of statins has not been
comprehensively studied so far. Aura et al."® described some
microbiota-derived simvastatin metabolites (a methylated ana-
logue of MK). Remarkably, Yoo et al.'' reported lower plasma
levels of MKA in antibiotic-treated rats and concluded that the
GM was specifically involved in the activation of MK to yield
MKA. Recently, the in vitro conversion of MK into MKA was
also reported after MK incubation with 5 anaerobes that are
common inhabitants of the human GM.'? However, these
studies’™'* did not demonstrate unequivocally that the GM
catalysed the conversion of MK into MKA.

We aim here to assess whether the GM is really involved in
the conversion of MK into MKA and (or) in the catabolism of
both compounds.

"

Monacolin K
(MK, lovastatin)
Inactive

Monacolin K B-hydroxy acid
(MKA)
Lipid-lowering active metabolite

Fig. 1 The inactive lactone prodrug monacolin K (MK) and its lipid-low-
ering active metabolite monacolin K p-hydroxy acid (MKA).
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Materials and methods
Chemicals and samples

Monacolin K (MK, lovastatin) was purchased from Sigma-
Aldrich (St Louis, MO, USA) and MK hydroxy acid sodium salt
(MKA) from Santa Cruz Biotechnology (Santa Cruz, California,
USA). Stock solutions of MK and MKA (10 mM) were prepared
in propylene glycol (PPG) and water, respectively. Working
solutions of a standard mixture were prepared by appropriate
dilutions in methanol (MeOH). All solutions were stored at
—20 °C. Acetonitrile was obtained from J. T. Baker (Deventer,
The Netherlands), formic acid and hydrochloric acid from
Panreac (Barcelona, Spain) and ethyl acetate from RCI Labscan
(Gliwice, Poland). Milli-Q system (Millipore Corp., Bedford,
MA, USA) ultrapure water was used throughout the study.

MKA synthesis

MK (100 mg) was added to 50 mL of 0.1 M NaOH and kept
under agitation at 30 °C for 24 hours. The samples were fil-
tered through a 0.45 pm nylon filter and an aliquot of 5 mL
was loaded onto a SPE cartridge Chromafix C18 (950 mg)
(Macherey-Nagel, Diiren, Germany), which was previously con-
ditioned with 10 mL MeOH and then 10 mL water. After
loading the sample, the cartridge was washed with 10 mL
water for removing the excess of sodium and other water-
soluble impurities. Finally, MKA was eluted with 5 mL MeOH
and dried in a speed vacuum concentrator. The residue was
dissolved in 5 mL water to obtain 5 mM MKA. An aliquot of
the sample was diluted in water and injected into an
HPLC-DAD-ESI-MS system to check the conversion rate by
comparing the area with that of the commercial standard.

Stability studies

MK and MKA (30 pM) were incubated in the absence of bac-
teria at different pH values and temperatures. MK was incu-
bated at pH 7 (25 mM phosphate buffer), pH 12.5 (0.1 M
NaOH) and pH 2 (0.1 N HCI), and at 30 and 60 °C. MKA was
also used as the starting material to follow its stability and
possible conversion into its lactone form (MK) and was incu-
bated at pH 2 (0.1 N HCI). Samples were collected at 2, 4, 7
and 9 days for further analysis in the HPLC-DAD-ESI-MS
system.

Faecal cultures

This study was included in the Spanish National Project
AGL2015-73744-JIN (MINECO, Spain). All experiments were
performed in accordance with the ethical guidelines outlined
in the Declaration of Helsinki, and approved by the Spanish
National Research Council’s Bioethics Committee (Madrid,
Spain). Nine healthy volunteers (five men and four women)
aged between 25 and 48 years gave their written consent
before participating. Inclusion criteria were age over 18 years
and good health status. Exclusion criteria were diagnosed
pathology, previous gastrointestinal surgery, chronic medi-
cation as well as the intake of probiotics, prebiotics, and anti-
biotics for 3 months before participating.
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Preparation of faecal suspensions and culturing experi-
ments were conducted as reported elsewhere."® Aliquots of fil-
tered faecal suspensions (50 pL) were inoculated into 5 mL of
fermentation medium to grow anaerobes (anaerobe basal
broth, ABB, Oxoid) containing MK or MKA at 15 pM. Triplicate
samples were prepared in parallel. As controls, MK and MKA
were incubated without the faecal suspension, and the faecal
suspension was incubated without adding MK or MKA.
Samples (5 mL), collected at 0, 3 and 6 days, were extracted
with 5 mL of ethyl acetate. The mixture was vortexed for
10 min and centrifuged at 3500g for 10 min. The organic
phase was evaporated under reduced pressure, redissolved in
250 pL of methanol and filtered through a 0.22 pm PVDF
filter. Samples were diluted 1: 4 in methanol prior to the injec-
tion into the HPLC-DAD-ESI-MS system. The extraction proto-
col was tested by spiking 15 pM MK or MKA in the faecal
medium. The recovery percentages of 97.7 + 6.0 for MKA and
98.2 + 4.3 for MK confirmed the suitability of the protocol.

HPLC-DAD-ESI-MS analyses

Chromatographic separation was carried out on an Agilent
1290 (Agilent Technologies, Aldbronn, Germany) equipped
with a photodiode array detector and a single quadrupole
(single Q) mass spectrometer detector in series (6120
Quadrupole, Agilent). A reverse phase column Poroshell 120
C18 (100 x 3 mm, 2.7 um) (Agilent) operating at 25 °C was
used. Mobile phases consisting of water acidified with 0.5%
formic acid (phase A) and acetonitrile (phase B) at a flow rate
of 0.5 mL min~" were used with the following gradient: 0 min,
20% B, from 0 to 15 min, 20-50% B, from 15 to 23 min,
50-75% B, and from 23 to 28 min, 75-95% B; this percentage
was maintained from 1 min and then returned to the initial
condition for 5 min. Nitrogen was used as a nebuliser gas to
optimise ESI-MS parameters as follows: capillary voltage: 3000
V, drying gas flow: 9 L min~", nebuliser pressure: 40 psi, and
drying temperature: 300 °C. MS spectra were acquired in posi-
tive ionisation mode and measured in selective ion monitoring
(SIM) mode. The fragmentor voltage was optimised to 100 V by
flow injection analysis (FIA) of each standard at 100 pM in
MeOH. The mass ions 405 ([MK + H]"), 427 ([MK + Na]"), 423
(IMKA + H]") and 445 ([MKA + Na]") were recorded. The identi-
fication of the metabolites was carried out by a direct compari-
son with commercial standards and taking into account their
mass, UV spectra and retention times. MK and MKA were
quantified using UV spectra at 237 nm. Calibration curves
from 0.5 to 100 uM were obtained for both compounds.

Results
Stability of MK and MKA

The incubation of MK in the absence of faecal inocula and at a
plausible colonic pH and temperature (pH 7.0 and 37 °C)
resulted in the transformation of MK into MKA, which con-
firmed that the GM is not essential for the opening of the
lactone ring to take place (Fig. 2A). A faster transformation was
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Fig. 2 Stability of 30 uM MK (@) and MKA (m) at 37 °C and different pH
values. Incubation of (A) MK at pH 7, (B) MK at pH 12.5, (C) MK at pH 2,
and (D) MKA at pH 2.

observed at 60 °C, although after 2 days the kinetics of the
decrease was similar to that obtained at pH 7 and 37 °C, not
reaching complete conversion after 9 days (data not shown).

The fast and total transformation of MK into MKA was
achieved at pH 12.5 and was independent of the temperature
(Fig. 2B). MKA was very stable at this pH. These alkaline con-
ditions were applied to isolate MKA with a conversion rate of
99% for further incubation processes with the faecal micro-
biota. At pH 2, MK became unstable after 4 days, and approxi-
mately 60% of MK was degraded after 7 days with only a slight
transformation into MKA (5 puM) (Fig. 2C). At pH 2, MKA
decreased concomitantly with the increase of MK, indicating
that MKA could be reversed into MK at this pH. Again the
degradation of both MK and MKA became evident after 4 days
(Fig. 2D). Overall, these results suggested a GM-independent
conversion of MK into MKA. Therefore, we next explored the
role of the GM in the metabolism of both MK and MKA.

Microbial metabolism

The faecal incubation of MK at different time points reduced
its concentration (Fig. 3A), but this reduction was similar in
the absence and presence of faecal inocula. MK was converted
into MKA over time (Fig. 3A), but the conversion was lower in
the presence than in the absence of faecal inocula after 6 days
of incubation.

We next incubated the previously synthesised MKA in the
absence and in the presence of bacteria (Fig. 3B), confirming
the stability of MKA in the growth medium at pH 7 in the
absence of bacteria. However, the presence of the faecal
inocula caused a significant decrease of MKA (Fig. 3B). The
degradation of MK and MKA after 6 days, depending on the
faecal inoculum, ranged from 73% to 91% in the case of MK,
and from 58% to 79% in the case of MKA.
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Fig. 3 (A) Incubation of MK (15 pM) in the absence (black) or presence
(grey) of faecal inocula, and its conversion into MKA in the absence
(striped dark blue) and presence (striped cyan) of inocula. (B) Incubation
of MKA (15 pM) in the absence (blue) or presence (cyan) of faecal
inocula. Results are expressed as mean + SD (n = 9 volunteers in
triplicate).

While the catabolism of MKA by the GM occurred unequi-
vocally (Fig. 3B), it is difficult to confirm the involvement of
the GM in the degradation of MK because similar reduction
was observed in the absence or presence of faecal inocula
(Fig. 3A), indicating only a pH-dependent conversion. Overall,
these results showed the GM-independent conversion of MK
into MKA and the catabolism of MKA by the GM, and also
suggested that MK is not metabolised by the GM.

Discussion

The role of the GM in the metabolism of xenobiotics, includ-
ing dietary phytochemicals and drugs, has been investigated
extensively.*>'* However, the metabolism of statins by the
GM, and in particular that of MK, is still not well understood.
The first study that assigned a crucial role to the GM in the
conversion of MK into MKA was that reported by Yoo et al.,'*
who observed lower plasma levels of MKA in antibiotic-treated
rats, and concluded that the GM was specifically involved in
this activation. Afterwards, other reports have repeatedly cited
this study and assumed the transformation of MK into MKA
catalysed by the GM."™"” Unfortunately, none of these reports,
including that of Yoo et al.,'* showed incubation of MK under
plausible physiological colonic conditions (pH 7 and 37 °C) in
the absence of bacteria.

In the present study, we demonstrate that the conversion of
MK into the lipid-lowering active metabolite MKA occurs spon-
taneously at neutral and alkaline pH values, and indepen-
dently of the GM. In contrast, MKA is very stable under physio-
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logical colonic pH and temperature, but it is catabolised by
the GM to other unknown metabolites, whose identification
requires further research. Besides, our results suggest a critical
role of the B-hydroxy acid moiety in MKA to become a substrate
of the GM since no apparent catabolism of lactone-containing
MK by the GM occurred.

Our results could also suggest the presence of high and low
MKA metabolisers with clear involvement of the GM. However,
the assays were carried out with the faecal microbiota of only 9
volunteers, and some individuals yielded disparate results at
different sampling periods consistent with an experimental
variation rather than with a specific individual feature.
Therefore, more research is needed in a larger group to estab-
lish whether the population can be stratified in high and low
MKA metabolisers.

The pH-dependent degradation of MK has been previously
reported in different biological fluids."®'® We observed the com-
plete transformation of MK into MKA at pH 12.5 in which MKA
was very stable, in agreement with previous reports.”® However,
strong acidic conditions (pH 2.5) only partially reversed MKA
into MK since both metabolites were further degraded. Overall,
the inter-conversion between MK and MKA was clearly depen-
dent on the pH as previously reported for other statins.*'*?

A key point in the present research is to find a plausible
explanation for the results obtained by Yoo et al,"* who con-
cluded that the GM was specifically involved in the conversion
of MK into MKA since they detected lower plasma levels of
MKA in antibiotic-treated rats. It is known that ATP-binding
cassette (ABC) and solute carrier (SLC) membrane transporters
transport statins across the cell membrane.>* Besides, it is also
known that some antibiotics, including erythromycin, can
compete with MK-MKA for some ABC transporters such as
P-glycoprotein (P-gp, MDR1).>* Yoo et al.'* administered an acute
dose of an antibiotic cocktail, including erythromycin. However,
these authors did not unequivocally evaluate the involvement of
the GM in the conversion of MK into MKA (i.e., incubation of
MK in growth medium in the presence and absence of the GM),
since the effect of antibiotics on other key variables, such as
statin cellular transporters, was not evaluated. Therefore, lower
plasma MKA levels in antibiotic-treated rats do not necessarily
imply lower MKA formation but lower MKA transport from the
intestine to the bloodstream due to a possible interaction
between the antibiotics and the ABC transporters involved in
MKA absorption. In contrast, while antibiotics seem to hamper
MKA transport to the bloodstream, we speculate that the admin-
istration of antibiotics could prevent the microbial metabolism
of MKA in the colon lumen by inhibiting the GM.

Conclusions

We describe here for the first time that the transformation of
monacolin K (lovastatin, MK) into its active lipid-lowering
metabolite the p-hydroxy acid metabolite (MKA) is a spon-
taneous process that occurs at neutral pH and without the par-
ticipation of the GM. Besides, our results also show for the
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first time that the GM catabolises MKA to other compounds
unknown so far and thus, the GM could mediate the lipid-low-
ering effect of MKA in vivo. Further research is needed before
speculating the existence of individuals who harbour a GM
more or less efficient in the metabolism of MKA, which might
give rise to different responses in individuals after consuming
MK. Our ongoing research aims at the identification of the
MKA-derived microbial metabolites, the specific microbial
groups involved in MKA catabolism and the possible modu-
lation of these groups with antibiotics and prebiotics.
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